The health effects of human exposure to 1,3-butadiene (BD) have been extensively studied using both epidemiological and animal toxicology approaches. However, various data and knowledge gaps remain, one of which is an understanding of the human heterogeneity in BD dosimetry. The objective of our study was to better understand the role of individual variability in delivered tissue dose. We designed a study of laboratory exposures of a relatively large group of healthy human subjects. Subjects were then exposed to 2.0 ppm BD through a face mask for 20 min, followed by 40 min of breathing clean air. Exhaled breath concentrations of BD were measured at ten time points during and after exposure, and a three-compartment physiologically based pharmacokinetic (PBPK) model was used to quantify the kinetic behavior of BD. We implemented a Markov chain Monte Carlo procedure to fit the model to the experimental data, and used global sensitivity analysis techniques to examine the sensitivity of exhaled breath concentrations to PBPK model parameters. Uptake during exposure was strongly influenced by rebreathing of exhaled BD during exposure; inclusion of rebreathing in the model simulations resulted in a 21% increase in the amount of BD retained in the body. We found that uptake ranged from 38% to 77% across individuals. We measured considerable intra-individual variability from 11 subjects who underwent the testing twice. Most of this variation stemmed from phase I metabolism of BD, which varied by as much as a factor of 2.6 within individuals. Overall, we have sought to quantify the sources of inter-and intra-individual variabilities in the pharmacokinetic behavior of BD. The results of our research may impact the current framework for biomarker and pharmacokinetic studies by improving our understanding of the sources of heterogeneity in response to chemical exposures.
Introduction
One of the central questions for environmental health is: How much exposure to a toxic agent produces how much risk of disease? This is entirely analogous to the problem of determination of the maximally effective dose for pharmacology. In drug development and assessment, the route of administration, tissue distribution, metabolism and elimination are estimated, measured and subsequently tested in vivo to generate therapeutic ranges that have maximal clinical utility. Variability in individual responses, in this paradigm, is expected and has become one of the central issues in the emerging field of pharmacogenomics.
Development of quantitative exposure-risk relationships in environmental health will similarly depend strongly on the tissue dose of the agent. Two processes define the ultimate tissue dose: uptake during and after an exposure, and metabolic biotransformation that produces or removes the active agent. These processes are rate limiting for the internal dose: if there is little uptake then only a small amount of parent compound will be available for biotransformation, and if activation is slow or if deactivation is rapid then little of the active metabolite will be present, even if uptake is large. The highest risk will occur for people with high uptake, rapid activation and slow deactivation. Unlike medical pharmacology, very little human exposure-dose data have been developed to explore these relationships in environmental health or to examine gene-environment interactions in this context. While it is recognized that people with identical environmental exposures may have a wide range of internal doses, the differences have not been well explored; this is the topic of the emerging field of exposure biology.
1,3-Butadiene (BD) is an excellent example of this problem. Most people have daily exposures to low levels of BD: 0.4 ppb has been observed in city air pollution, primarily coming from vehicle exhaust [1] [2] [3] [4] ; smoky clubs and bars have higher exposure levels as a result of the approximately 2 μg BD emitted by each cigarette [5, 6] . Petrochemical and synthetic rubber worker exposures are much higher, 0.1-20 ppm [7, 8] . Human cancer risks from BD have only been studied in a few cohorts of production workers in the U.S. and around the world, and these studies have had inconsistent results [9] [10] [11] . A suggestion of elevated leukemia and lymphoma risk has been seen, but the BD exposure-risk relationship is uncertain because of very limited exposure data. Recent risk assessments by IARC, US NTP, US EPA and others have determined that BD is a suspect or probable human carcinogen based primarily on the animal evidence [12] . Although human exposure-risk relationships have been extrapolated from animal findings, because of the wide divergence in animal sensitivity and the lack of human metabolic data, such extrapolation is highly uncertain and remains controversial.
Cytochrome P-450 enzymes in mammals metabolize BD to mutagenic mono-and diepoxide compounds (possible metabolic pathways are shown in figure 1 ). Oxidation of BD by cytochrome P450s results in the formation of butadiene monoxide (BMO). This reaction has been demonstrated in microsomes from several rodent and human tissues; the primary P450s involved in BD oxidation in human liver are CYP2E1 and CYP2A6 [13] . BMO forms covalent adducts with DNA [14] , and it is directly mutagenic in bacterial and mammalian assays [15] . BMO is further oxidized into diepoxybutane (DEB) by P450 2E1. The in vitro mutagenic potency of DEB is approximately 100-fold greater than BMO [16] ; thus, DEB is thought to play a critical role in the carcinogenic activity of BD. Reduction of DEB by epoxide hydralase forms diol-expoxybutane, diol-BMO, or it can be formed by reduction of BMO to diol-butene and then oxidation of the remaining double bond. Diol-BMO also forms covalent adducts with DNA, and is mutagenic in rodent bioassays [17] . BD has been extensively studied via in vivo animal testing and in vitro experimental studies over the past 20 years [18] . It is a clear carcinogen in rats and mice, but rats are approximately 1000-fold less sensitive than mice. These large inter-species differences in carcinogen sensitivity appear to be associated with major differences in epoxide formation and detoxification rates [19] . Human formation and removal rates for BD epoxides have only been determined with in vitro tests on small numbers of tissue samples obtained from trauma and cancer cases, which may not be representative of the general population [20] .
To more completely understand the role of individual variability in delivered, tissue dose and thereby to move toward mechanism-based exposure-risk estimation for BD, we undertook a study of laboratory exposures of a relatively large group of human subjects drawn from the general population. Our research questions were: given identical inhalation exposures (exposure intensity × duration = administered dose), how do BD uptake and metabolism vary in a cross-section of the general population, and what factors (e.g. age, sex, race, metabolic genetic differences, etc) are associated with significant differences in internal epoxide dose?
Methods
We used a mass balance experimental design. BD enters the body by inhalation and can only leave by either exhalation or metabolism, as shown in figure 1 . The difference between inhaled and exhaled BD during exposure indicates uptake. However, during our short exposure only a portion of the material retained is metabolized. Some is also redistributed among the tissues, especially the body fat, so the uptake overestimates the biotransformation rate. This limitation was overcome by fitting the time course of exhaled breath concentrations during and after exposure with a physiologically based pharmacokinetic (PBPK) model that accounts for redistribution to the tissues and metabolic biotransformation.
Human subjects' testing
The Human Subjects Committee at the Harvard School of Public Health reviewed and approved our study protocol. The exposure was judged to be within the range of everyday risks from exposure to BD (ppm × h), which include ever smoking one or two cigarettes, or spending an evening or two in a smoky club or bar. Volunteers were told that our experimental exposure could make a small, but real increase in their lifetime risk of leukemia, which was estimated as less than 10 −6 using the California EPA risk assessment with the female mouse as the most sensitive species [21, 22] . Only healthy adults were recruited for the tests. We studied approximately 50% males and 50% females that represented a wide range in ages (19-65 yr) and ethnicity/race (we sought subjects from the four major ethnic groups in the US (Caucasian, African American, Hispanic American (nonblack) and Asian)) (see table 1 ).
Test protocol and apparatus
A brief description of the test procedure is provided below; further details of the test procedure have been described elsewhere [23] . Prior to the test exposure, we obtained informed consent, had the subject complete a short questionnaire (demographics, lifestyle, diet, occupation, medical background) and took blood and baseline urine samples. Blood samples were used to determine the blood to air partition coefficient (PC b/a ) of BD and genotypes of polymorphic metabolic enzymes: CYP2E1 [24] , epoxide hydrolase [25] and glutathione-S-transferases μ and θ [26, 27] . Exposure and breath sampling were performed with a simple, computer-controlled, face-mask exposure system, which collected precisely timed samples of exhaled breath at time baseline, 2, 5, 10, 15, 19, 21, 22, 28, 38 and 58 min [23] . In this system, a subject inhales the test gas or clean air through one-way valves in a breathing face mask. Solenoid valves control the type of gas inhaled, as well as the collection of timed breath samples; the operation of solenoid valves is controlled in accordance with a predetermined schedule set by a computer program. The subject's breathing activity is monitored with a real-time breathing monitor, which is calibrated by both electronically and with an external standard volume before and after an inhalation experiment. Respiratory monitoring was performed with the RespiTrace breathing monitor with the RespiEvents data processing software (Nims, Inc., Miami Beach, FL). This system estimates lung volume (total thoracic volume) of subjects by measuring the changing capacitance of wires embedded in elastic bands placed around the subject's chest and abdomen. The real-time respiratory kinetic information, calculated on the basis of lung volume, included breath-by-breath tidal volume, breathing frequency and pulmonary minute ventilation. The test exposure was 2.0 ppm (v/v) BD administered through the face mask for 20 min, followed by 40 min of breathing purified air. After the test, 250 mg chlorzoxazone was administered to phenotype CYP2E1 metabolism by measuring the quantity of 6-hydroxy-chlorzoxazone eliminated in the urine in 6 h [28] . A total of 144 subjects were tested. After removing subjects with incomplete data and those with data quality problems, a final data set of 133 remained (table 1 ). Eleven subjects were tested twice with the second test, 4-8 weeks after the first.
We collected mixed exhaled breaths (both airway and alveolar air) in Tedlar sampling bags; immediately after testing, the collected breath was drawn through 100/50 mg Anasorb coconut-shell charcoal sampling tubes (no. 226-73 tubes; SKC Inc., Eighty Four, PA). The charcoal was pretreated with 4-tert-butylcatechol (TBC) to prevent self-polymerization of the collected BD. Charcoal tubes were stored in a refrigerator at −20 °C until analysis. BD was analyzed immediately using a modified analytical method (NIOSH method 1024). A Hewlett Packard gas chromatograph/flame ionization detector (HP 5890 series I) and HP model 6890 autosampler were used for the sample analysis. The analytical columns included a 50 m × 0.32 mm ID fused-silica porous-layer (PLOT) column coated with aluminum oxide/potassium chloride (Cat. No. 7515, Chrompack) and a back-flushable precolumn of 10 m × 0.5 mm ID, fused silica CP wax 57 CB (Cat. No. 7648, Chrompack). The initial oven temperature was held at 50 °C for 2 min, and then increased at a rate of 10 °C min −1 up to Smith et al. Page 4 200 °C, and held at 200 °C for 1 min. The purge time to begin the back-flush process was set at 0.6 min following injection. The charcoal was desorbed with 1.6 ml of methylene chloride (99.9%, Burdick & Jackson, Inc., Muskegon, MI), and the injection volume was 2 μl. A six-point calibration curve (range of 0.027-36.8 μl −1 ) was used to quantify BD concentrations. The limit of detection is 0.006 ppm of BD in a 5.0 L exhaled breath sample with a coefficient of variation of 10%.
Exposure data and uptake
Examples of typical exhaled breath data are shown in figure 2. The breath concentrations had the time course expected for an inhaled substance with moderate blood solubility, PC b/a = 1.5 ± 0.35 (mean ± SD). There was a rapid rise to a near plateau during exposure and an initially sharp decline post-exposure, followed by a slower decline.
The total uptake was calculated as the difference between the BD inhaled during exposure and the total BD exhaled during and after the exposure. During exposure, there was significant rebreathing of the exhaled BD because the inhaled air includes the previously exhaled air in the deadspace of the airways and the face mask. After 5 min of exposure, exhaled air has a high concentration of BD, ~80% of inhaled, because of BD's modest blood solubility. Also, the deadspace in our system was relatively large; the face mask was ~50% of the subject's tidal volume. Inhaled air is a combination of new air and pulmonary deadspace air that contains the alveolar concentration from the last breath. As a result, the total intake during exposure is where C is a concentration, either inhaled or alveolar; F ds is the relative fraction of each subject's tidal volume that is deadspace; Flow is a ventilation, either alveolar or total minute ventilation; and Duration is a time interval. Here, we report the total uptake, which is calculated by the total input, including the absorption of recycled exhaled breath during exposure, minus the quantity of BD exhaled during and after exposure stops.
Model fitting and data analysis
The breath data for each subject were used to estimate the rate-limiting, first step epoxidation rate of BD by a PBPK model, as shown in figure 3 . Three compartments were formed from tissues with similar perfusion (blood flow per unit of tissue). The three tissue compartments are `well perfused' (WP: liver, brain, lungs, kidneys and other organs), relatively `poorly perfused' (PP: muscles and skin) and the `fat' tissues (F). BD can be rapidly metabolized in liver, lung and kidney tissues, so the epoxidation of BD was placed in the WP compartment, and not just in the liver [18] . Earlier analysis confirmed that a model with metabolism only in the liver could not fit the observed data for ~30% of the subjects [28] . The tissue volumes and blood flows for each individual were constrained by basic physiologic scaling functions, which use the subject's age, sex, height and weight in the calculations, as shown in figure 3 . Based on observed variances and ranges of human values, we specified a prior distributions for each of the parameters for each subject, which were the starting values for the fitting process. Since the metabolic rate was a priori unknown, we only identified a broad range for it that we thought might include the subject's value.
A Markov chain Monte Carlo (MCMC) fitting process was used with a hierarchical set of PBPK models: one for each individual and one for the population to describe variability between subjects [29] . The calculations were performed using the MCSim software developed by Bois and Maszle [30] . The parameters for these were all fit simultaneously to develop joint posterior distributions. The fitting procedure is based on a Bayesian statistical framework that begins with the set of prior parameter distributions. The calculation is done by first drawing a random set of parameter values from the prior distributions for each subject, then these values are used in the model to calculate estimates for the measured time points, and finally the estimates are compared to the observed values for the individual. Based on the degree of agreement, the parameter estimates are adjusted using the Bayes equation and new parameter distributions are sampled and the procedure is repeated. After a large number of repetitions, e.g. 10 000 times, the revised parameter distributions for the individuals and population will converge on a set of stable estimates, unless the model cannot be fitted to the data. The final parameter distributions are the `posterior' estimates. The advantage of this approach is that it allows the use of the extensive prior information on human physiology to constrain the models. It also fits all of the parameters simultaneously and separates uncertainty from variability.
Sensitivity analysis
The global sensitivity analysis (GSA) technique was used to evaluate the relative importance of the PBPK model parameters on the concentration of BD in exhaled air during the 20 min of exposure and the 40 min after cessation of exposure [31] . In GSA, all model parameters are varied together such that the impact of a parameter on exhaled air and its interactions with other parameters can be examined [32] . The sensitivity of exhaled air to model parameters was quantified by calculating total order sensitivity indices (TOSI). TOSI were computed with lognormal distributions representing heterogeneity in the parameters. The mean values for the physiological parameters, partition coefficients and the rate of biotransformation of BD into EB (K met ) were obtained from the literature [33] [34] [35] . Information on distributions was obtained from previous analyses of the pharmacokinetic behavior of BD [28] . Table 2 shows that uptake during exposure was strongly influenced by rebreathing of exhaled BD during exposure. Including this effect resulted in a 21% increase in the amount of BD retained in the body, 57 ± 7% versus 36 ± 8% obtained without considering rebreathing. Although the exposures were all identical (2.0 ppm for 20 min), there was large variation in the total uptake, which ranged from 38 to 77%. Without correction for rebreathing, the observed fraction of BD retained (36%) was low relative to what was predicted based on the solubility of BD in blood (approximately 60%) [36] . In an earlier paper, Lin and coworkers found that the conventionally defined uptake during exposure (ignoring rebreathing and post-exposure losses) varied significantly among the subjects: decreasing with age, varying among ethnic groups and reduced for cigarette smokers [37] .
Results
Examples of the PBPK model fits are shown for one individual in figure 2 (B). (Note that the variability of the measurements is distorted by the log(concentration) scale for the y-axis, which overemphasizes variation for low values.) Because the timing of the breath samples was tightly controlled by the automated collection system and pulmonary ventilation was measured during each sample, the fit was very good with little variability due to sampling and measurement error. The fitted parameters are given in figure 3 . The average magnitude of the posterior estimates of the metabolism rate constant was sensitive to the values chosen for the distributions of the priors. However, extensive human physiological data limited the ranges of reasonable values that could be chosen for the prior distributions. Also, the relative ordering of the subjects from low to high values in the earlier analysis was retained, even when somewhat different priors were chosen.
The average epoxidation rate constant for BD in the well-perfused tissues, K met , was 0.22 ± 0.10 min −1 for the whole group with a ten-fold range (table 2). As reported earlier by Lin et al, there were no significant differences associated with age, gender, ethnic group or the genotype or phenotype characteristics of the subjects' CYP2E1 enzyme [28] . Recent, moderate consumption of alcoholic beverages (;?2 drinks in the past 24 h) was associated with a significantly higher metabolic rate constant, 0.33 ± 0.021 min −1 . Less intake of alcohol and long-term alcohol intake were not associated with higher metabolism rate constants. Although in vitro tests with human tissue samples indicate that CYP2E1 is the primary enzyme responsible for generation of epoxides of BD, neither the variant genotypes nor the measured enzymatic phenotype were related to K met , as reported earlier [28] . However, the effect of recent alcohol intake to increase K met is consistent with studies of the induction of CYP2E1 [38, 39] . Thus, it is possible that CYP2E1 is one of the enzymes for human BD metabolism, but the effects of genotypic and phenotypic differences are small relative to the induction of this metabolizing enzyme by alcohol.
The results from fitting the PBPK model were used to estimate the total amount of BD metabolized (μg BD), using the area under the concentration-time curve for the wellperfused tissues. As expected from their derivation from each subject's exhaled BD time course, both K met and uptake were highly associated with μg BD metabolized; they accounted for 75% of the variability. Additional significant sources of variation were identified by step-wise regression (table 3) : the blood/air partition coefficient (PC b/a ), gender, weight, body mass index (BMI = mass in kg/(height in m) 2 ), age and ethnic group. Both weight and BMI were importantly associated with μg BD metabolized, but epoxide production increased with weight and decreased with increasing BMI. The BMI increases with the volume of body fat, which is a non-metabolizing compartment. For a given total body weight, a high BMI will correspond to a lower relative volume of the well-perfused tissue. Small significant effects (11% of the overall variation) were also associated with age (metabolism declined with age) and gender (females had more BD metabolism, even after controlling for weight and BMI which vary significantly by gender). Overall, our measured BD dose estimates yielded a mean of 271 μg absorbed during the 20 min exposure to 2 ppm, and 98 μg was metabolized.
A set of 11 subjects was tested twice, 1-2 months apart. These data enabled us to determine if K met varied significantly across time. Visual inspection of the data strongly suggested that intra-individual variability was present, as shown in figure 2(B) . To test the statistical significance of this observation, we compared two multi-level population models on the basis of the Bayes factors [40] . The first model A (figure 4(A)) described explicitly interindividual variability and lumped together the intra-individual variability, measurement error and modeling error. Model B ( figure 4(B) ) had one more level to account separately for intra-individual variance [41] . Given the data, posterior parameter distributions were obtained for both models via numerical Bayesian calibration [19, 42] . The logarithm of the Bayes factor for model B against model A, a measure of their relative likelihood, was 103, indicating a significantly better fit of the second model with intra-individual variability. Most of this variability stemmed from the rate of primary oxidative metabolism, K met , which varied by as much as a factor 2.6 (estimated intra-individual coefficient of variation: 50%).
Other parameters controlling butadiene distribution in the body also vary between occasions, but to a lesser extent.
From the global sensitivity analyses, we first observed that the relative impact of parameters on exhaled air evolves considerably with time, and that large differences in parameter importance over time exist between the inhalation and the elimination phases (see figure 5 ). The most influential parameters (i.e. explaining more than 10% of the total variance of exhaled air) were PC b/a , dead space fraction (F ds ), ventilation perfusion ratio (R VP ), blood flow to poorly perfused tissue (Flow pp ), poorly perfused tissues:blood partition coefficient (PC pp/b ), minute ventilation (Flow pul ) and K met . During inhalation, the influential parameters were those directly implied in the intake of BD in body (PC b/a , F ds , R VP and Flow pul ). After inhalation, all the influential parameters impacted exhaled air concentrations. We observed that K met had the most impact on exhaled air during the first minutes after the cessation of inhalation. With low values for TOSI, the fat compartment did not contribute much to the variation of the concentrations of BD in exhaled air.
Discussion
The measured values for metabolism were compared to estimates in the literature. Filser and coworkers [43] used a PBPK model to extrapolate human BD metabolism from rat data. They estimated that a 70 kg male would metabolize 0.095 mmole of BD, given an applied dose of a 5 ppm exposure for 8 h (240 ppm × min). Assuming linearity, the rate is 0.04 μmole ppm −1 × min. Using their model, our 2 ppm for 20 min (40 ppm × min) applied dose would result in 1.6 μmoles or 82 μg BD metabolized, which is quite comparable to the average 98 μg we observed. Kohn and Melnick [44] conducted a similar PBPK model projection of human absorption and metabolism of BD, but their model consisted of parameters that were substantially different from those found by us. They projected that a human would absorb 16.6 μmole kg −1 and metabolize 0.303 μmole kg −1 during a 6 h, 100 ppm (36 000 ppm × min) exposure. For a 70 kg male, that corresponds to 1.74 μg ppm −1 × min absorbed and 0.032 μg ppm −1 × min metabolized. Assuming linearity, for our 40 ppm × min experimental exposure, there should be 70 μg BD absorbed and 1.28 μg BD metabolized. These amounts are much lower than our observations of 271 μg absorbed and 98 μg metabolized. Both of the published models had metabolism only in the liver, which we found was inadequate to account for the metabolism in some individuals. The advantage of our study is that it also examined the distribution of metabolic values in a population, which will be more useful for population risk assessment.
Most long-term dose assignments for epidemiology and risk assessments are based on an underlying assumption that individuals with the same exposure intensity and duration will receive approximately the same dose or dose per kg of body weight respectively, and therefore will have approximately the same risk. This implicitly assumes that uptake and metabolic activation are approximately the same across all members of the exposed population. Even intuitively, this seems naïve and efforts to improve upon this are drastically needed. While these assumptions are understandable in the face of ignorance, they have had a great impact upon our framework for acceptance of data as representative of real public health risk from chemical exposure.
A common finding of epidemiologic studies of risks for chemicals is an overall increased risk in the exposed group compared to unexposed, but no evidence of a dose-response using various crude markers of applied dose [45, 46] . Evidence of a dose-response (or lack thereof) is widely regarded as one cornerstone of the evaluation of causality in populationbased research. We hypothesized that, in the case of low-dose exposure, the absence of appreciable dose-response might be due to the poor correlation between external exposure and internal dose of active metabolites. This possibility is nicely highlighted by our BD studies. Epidemiologic investigations of populations that have a wide range of exposure, including some that are quite high, may still show a significant exposure-response relationship. However, studies of populations with modest exposures and a limited exposure range may not show a significant exposure-response relationship, even though a very real one exists because of the wide variation in uptake and metabolic activation for people with the same external exposures; we observed an overall coefficient of variation of 24% for uptake and 45% for metabolic activation. Hence, application of the criteria for causality that demand evidence of dose-response must be carefully applied in many instances; we propose that considerably more human research is needed to better define the dose to target tissues from common environmental contaminants and thereby to truly understand many exposurerisk relationships.
The results of our research have important implication for better understanding BD dosimetry in humans from general population exposure levels. First, the use of humans, rather than rodents or other typical animal models, has allowed us to make direct assessments of human response to BD exposures. The use of exhaled breath biomarkers has allowed us to make rapid measurements that are critical to making time-dependent assessments of uptake and elimination of BD. Second, we have examined the impact of heterogeneity in oxidative metabolism on potential health risks associated with BD exposures. By use of a PBPK model that identifies the two major clearance pathways (i.e. exhalation and metabolism) for BD, we were able to quantify the impact of inter-individual differences in the rate-limiting first step in metabolism of BD. Thus, our research can be used to quantify the sources of heterogeneity in the exposure-dose-response relationship for BD. Third, the simplicity of our exposure system has allowed us to study a fairly large number of human volunteers from both genders and a mix of ethnic backgrounds; thus, we have more confidence to extrapolate our findings to the general population than studies based on a few human volunteers (e.g. N = 10). Further, our results allow for better quantification of heterogeneity, which can be used to inform Monte Carlo simulation exercises. Finally, our research can be used with improved inputs of realistic population exposure scenarios to quantify the differences in internal dosimetry of BD, allowing for stronger linkages between exposure and response to be made. Few studies of human exposure to environmental toxicants have attempted to understand and quantify the exposure-dose relationship, and to better understand how perturbations to human biology are made from exposures. Our studies on BD exposures have used novel tools (i.e. exhaled breath biomarker) to study a larger human population, thus giving us greater confidence in understanding the human response to BD exposures. Physiologically based pharmacokinetic model and the derivation of its parameters. Notes (1) The fraction of lean body mass in the poorly perfused compartment, which is the largest, was calculated as the difference of 0.9 minus the other compartments. The skeleton was not included (0.1 of body mass). F BDW pp = 0.9 -F BDW wp -F BDW fat . (2) The fraction of body mass in the fat compartment was calculated using the algorithm of Deurenberg et al [47] , which has been calibrated against a variety of physiologic measurements of body fat. [48] , and the mask dead space was measured for several subjects by water displacement. (4) The fraction of blood flow in the well-perfused compartment, which is the largest, was calculated as the difference of 1.0 minus the other compartments: F Flow wp = 1.0 -F_Flow pp -F_Flow fat . (5) The partition coefficient for blood to wellperfused tissues was taken from in vitro tissue measurements [43] . Table 2 Uptake including rebreathing during exposure and post-exposure washout, and fitted metabolic rate. Table 3 Step history for step wise regression of variables on μg butadiene metabolized.
Mean SD CV (%) a Minimum Maximum
Step entered a Parameter Significance probability a Parameters enter the model based on the amount they reduce the overall sum of squares.
b The sequential sum of squares is the quantity removed from the total by the parameter's entrance into the regression.
c Cumulative R 2 is the proportion of the variation that is attributable to that parameter and the ones above.
d Mallow's C p criterion is calculated by (n) ln(SSE/n) + 2p, where n is the number of observations, SSE is the sum-of-squares error and p is the number of model parameters. Smaller values of C p indicate better model fit.
